Space heating rates for some premixed turbulent propane-air flames by Fine, Burton D & Wagner, Paul
—,
[’ \
C!Q
FOR AERONAUTICS
TECHNICAL NOTE 3277
SPACE HEAT~G RATES FOR SOME PREMIXED TURBULENT
PROPANE -AIR FLAMES
By Burton D. Fine and Paul Wagner
Letis Flight Propulsion Laboratory
Cleveland, Ohio
Washington
June 1956
L-
—.
..- —.. . . ..—. . . . . . . ..—.
https://ntrs.nasa.gov/search.jsp?R=19930083931 2020-06-17T20:07:47+00:00Z
TECHLIBRARYW&B, NM
lllllllllllllllBll!l!Mlll
011bb250
NML’IONALADVISORY COMMH’TE3 FOR AERONAUTICS
TECHNICAL NOTE 3277
.
SPACE BF@KCN3 RATES FOR XME HWMIXED TURBULENT PROPANE-AIR FUMES
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suMmRY
Measurements of space heating rate can yield information that is
useful in characterizing turbulent combustion. For Bunsen burner flames
stabilized over a field of pipe-induced turbulence, the space heating
rate decreased with increasing linear flow and burner diamter, and was
independent of pilot conditions. Calculated space heating rates, at 1-
atmosphere pressure, were in the range of 2x107 to 6XL07 Btu per cubic
foot per hour. Turbulent burning velocities over the same flow range
were correlated by linear velocity at constant burner diameter, but the
7 variation with burner diameter could not be expressed by a simple
correlation.
lent
INTRODUCTION
Turbulent combustion has been generally
burning velocity UTj which is commo~y
characterizedby the turbu-
defined by the equation
(1)
Rreviousl,v,this concept has served as the basis of a number of investi-
gations (;&fs. 1 to 3); (All symbols are defined in the SYMBOLS.) Ref-
erence 4, however, proposes that turbulent combustion be characterized
by an additional quantity, the space heating rate SIR, which may be de-
fined as
(2a)m = (wv/vf) (q - f%)
In terms of an efficiency f=tor q, e~tion (2a) WY ~ mitten as
SHR = (wV/v’f)v A% (z%)
Thus, the space heating rate is defined as the product of a space con-
version rate wv/vf and the quantity of heat released by a unit volume
of cold reaction mixhme on passing through the flame zone.
. . - .— . ...————— -——— — -—- ——- ——
.— — ..— . — —-
2 NAC!ATN 3277
\
The space conversion rate Z, which has dimensions of reciprocal
time, is of interest when considered by itself; it is defined in a manner
similb.rto the definition of turbulent burning velocity (eq. (1)). ,,
z = wv/vf (3)
Thus, uT/z = vf/~ has dimensions of length and maj serve to represent
an average flame thickness. Also, if (~ - +) is known and constant
over a range of conditions, the space conversion rate may itself serve as
a characterizingparameter over that range.
As pointed out in reference 4, one ad=ntage of a characterization
by space heating rates is that such a characterization is related to the
thickness of the turbulent flame brush and the nature of the chemical re-
action within the flame zone. These sxe two distinguishing phenomena
about which measurements of turbulent burning velocity give no informa-
tion. It is true that other investigations (particularlyref. 5) have
approached the relation between flame-zone thickness and combustion effi-
ciency from the viewpoint of the wrinkled flame mechanism; however, flame .
thickness could not be treated quantitatively simply from the measure-
ments of turbulent burning velocity. A second advantage is that the phys-
ical meaning of a characterizationby space heating rates need not involve
the assumption of a particular mechanism of turbulent flame propagation.
However, the physical interpretation of a turbulent burning velocity that
is based on a mean flame surface seems to require the assumption of a
wrinkled flame mechanism (refs. 1 to 3).
As described in reference 4, volumes of turbulent flames stabilized
above cylindrical burners were measured and space conversion rates were
calculated &ectly from these. On the basis of chemical and calorimetric
analyses of gas samples withdrawn from the outer tip of the turbulent
flame brush, it was concluded that all the fuel was consumed in the flame
zone (ref. 4). Furthermore, both sets of analyses indicated combustion
to equilibria products for the reaction taking place at a calculated
flame temperature. On this basis, space heating rates were obtained.
@antitative treatment of the results did not depend on the assumption
of a particular mechanism {ref. 4). The results of reference 4 are sum-
marized in the form of a relation (independentof Reynolds number) among
space conversion rate, Reynolds number, burner diameter, and laminar burn-
ing velocity
Z = 6.lU~d (4)
Since (~ - Nr) (eq. (2a)) remained constant, the space heating rate
was proportional to the space conversion rate. These results were com-
patible with existing concepts of turbulent flame propagation.
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This investigation is primarily an extension of reference 4.
uremen.tswere made on the same scale, but over a much larger range
3
Meas-
Of flow
conditions, to evaluate critically the concept and its utility, =nd to in-
vestigate directly the generality of equation (4). The apparatus and pro-
cedure are similar: piloted turbulent propane-ati flames were stabilized
above burners in fields of pipe-induced turbulence, and flame volumes were
measured visually from negatives of time-exposure photographs. Space con-
version and space heating rates were calculated and their behavior ex-
amined with respect to changes in stream velocity, burner diameter, lam-
inar burning velocity, and pilot conditions. In addition, turbulent
burning velocities were calculated, and the relation between turbulent
burning velocity and space conversion rate was examined.
SYMBOLS
The following symbols axe used in this report:
A,B,a,b,c
d
AHc
h
I
z
Re
s
Em
u
v
Vf
w
empirical constants
burner dismeter, cm
heat of combustion per
water, Btu/cu ft
unit volume to give carbon tioxide and
residual heati
7
value, per unit volume consumed, of exhaust
products, Btu cu ft
flame height, cm
total radiation intensity, volts
mean flame thickness, cm
Reynolds number
surface, sq cm
space heating rate, Btu/cu ft-hr
burning velocity, cm/sec
average linear velocity, cm/sec
volume of flame brush, cc
flow rate, cc/see
-. ..—. .—— .— . _ —..__ _ —— _— ..—
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v
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Subscripts:
f
i
L
o
T
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space conversion rate, see-l-
efficiency
kinematic viscosity, sq cm/sec
equivalence ratio; percent fuel divided by percent fuel for
a stoichiometricmixture
flame
inner cone
laminar
outer cone
turbulent
v volume
Apparatus AND PROCEDURE
Burners
Two burners were used in this study: One burner was the same burner
used in references 4 and 6. The other burner was of similar design, but
larger. Both burners had water jackets near the lip and length-to-
diameter ratios within the pipe greater than 60 (ref. 6). Turbulent
flames were stabilized above the burner lip by a small.annul= pilot flame.
In the smaller burner, the pilot annulus had a diameter of 2 centi-
meters and the main tube, a diameter of 1.890 centimeters. The effective
diameter of the main burner tube couldbe variedby means of tubular in-
serts. Actually, inserts of 0.639-, 1.016-, and 1.459-centimeter diam-
eter were used. In the larger burner, the pilot annulus had a diameter
of 3.3 centimeters and the main tube, a diameter of 3.18 centimeters.
Inserts of 0.93-, 1.95-, and 2.55-centimeter diameter were used in the
larger burner. One result of using two separate burner systems was that
the annulus-to-burner diameter ratio couldbe varied without significant
change in the burner diameter. 1’
Flow System
The flow system used was similar to that described in references 4
and 6, but was designed to accommodate much larger flows. Furthermore,
. . . ..
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the pilot system was
tion could %e varied
completely sepaxate, so that pilot flow
independentQ of the main burner flow.
5
and composi-
b both SJ%-
tems, gas flow was regulated by calibrated critical.flow orifices; fuel “
and oxidant were metered separately and then mixed. In the main burner
system, total flows of 1O(X)to 30,0~ cubic centimeters per second were
used; in the pilot system, flows of 50 to 250 cubic centimeters per second
were used. Within the range of experimental conditions, corrections in
observed volume flows
negligible. A sketch
for fluctuations of temperature and pressure were
of the flow systems is given in figure 1.
.
Mixture Conditions
In generaJ, stoichiometric propane-air flames were studied although,
for one series of experiments, the fuel-air ratio was vsried at constant
Reynolds number. The pilot flow and composition were adjusted to maintain
a stable flame. At lower flows, a propane-air pilot sufficed to stabilize
a flame; at higher flows, it was necessary to enrich the pilot flow with
oxygen. In bo;h
were used.
Flames were
burner systems, propane (c.p.), o~gen, and service air
Measurement of Space Conversion Rates
photographed with aview camera using 5-by 7-inch film
at magnifications of about 0.3 to 1.3, according to the height of the
flame. Flsme volumes were measured from negatives of time-e~osure photo-
graphs of stabilized turbulent flames by the procedure of reference 4.
Detailed dimensions of the flame zone were recorded, corrected for magni-
fication, and plotted. The volume was calculatedly subdivision of the
flame zone into appropriate geometric segments and by integration of the
individual segments. Varying exposure time between 1 and 1/5 second at
apertures between f/5 and f/16 did not appreciably @feet the measured
flame volumes. After the volume was measured, the space-conversionrate
was obtained from equation (3).
Measurement of Turbulent Burning Velocities
The mean flame surface, measured as the surface midway between the
outer and inner flame envelopes, was obtained from the same negatives
that were used for volume determination. It was locatedby visual estima-
tion, subdivided into geometric segments, and its value calculatedly
graphical integration. The turbulent burning velocity was then obtained
from equation (l).
.
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The value of (~ - AI&) in equation (2b) was determined (as in ref.
4) by measurement of the residual heating value of gaseous combustion .
products withdrawn from the upper part of the outer envelope of a turbu-
lent flame brushby means of a water-cooled probe with an orifice opening.
The apparatus used was a flow calorimeter
in reference 7.
, which is described in detail
Exhaust products were dried, passed through an adiabatic
reactor at a known flow rate, and catalytically otid.izedat about 550° C
to carbon dioxide and water. The temperature rise (usually about 50° C)
:
was compmed with that observed when a suitable mixture having a knam
heating value was passed through the reactor
this way, the value of AHr was determined.
RESULTS
at the same flolr-rate. In m
Residual Heat Values
Direct calortietric analysis of exhaust products from the outer tip
of the flame brush gave residual heat values ~ of 4 to 6 Btu per cubic
foot (0.8 to 1.2 kcal/mole). This value may be compmed with the total
heat of combustion of a stoichiometric propane-air mixture, which is about
93 Btu per cubic foot (about 19 kcaJ./mole),net.
Flames were probed at Reynolds numbers between 10,000 and 50,000,
corresponding to linear velocities of 800 to 7000 centimeters per second.
Burners of 0.93- and 1.95-centimeter diameter were used. All values are
within the limits given previously. However, the lower values were ob-
tained consistently at higher linear flow rates. In reference 4, about
5 Btu per cubic foot were obtained at lower flows, which agreed closely
with the residual heat value calculated for combustion to equilibrium
products. Within the estimated accuracy of the technique @lBtu/cu f%)
the results of this investigation also indicated combustion to equilib-
rium across the flame zone. Therefore, (~ - AHr) may be considered
constant and equs,lto 88 fi Btu per cubic foot.
The obsened residual heat value was quite sensitive to the position
of the probe. If the probe was lowered about 1/2 inch from the estimated
tip position for a total.flame height of about 12 inches, a residual heat
value of about 17 Btu per cubic foot was obtained. The good reproducibil-
ity obtained with samples withdrawn from the tip position over a range of
flame heights and burner diameters indicated that the probe was correctly
positioned in those cases. Moreover, chemical analyses (ref. 4) have
shown that ambient air was not drawn into the probe.
In one case, a sample was withdrawn from a lower position and ana-
Iyzedby conventional gas analysis methods. The result showeda concentra-
tion of hydrocarbon equal to about X5 percent of the iulet propane concen-
tration, which indicated that the quenching action within the probe was
.NACA TN 3277
sufficient to
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ensure that measurable quantities of hydrocarbon would pass
through without reacting. Therefore, the presence of hydrocarbon in an
exhaust sample would give an abnormally large residual heat value.
Space Conversion and Space Heating Rates
Experimental space conversion rates and turbulent burning velocities
are shown in table I and figure 2 as a function of Reynolds nuder. Rey-
nolds number served as a convenient correlating flow parameter and was
calculated in the manner of reference 6:
Re = V d/v (5)
For the systems considered in this report, the kinematic viscosity v was
equal.to 0.15 squsre centimeter per second. The space conversion rate was
found to be independent of pilot flow and composition and was unaffected
by changes in the ratio of pilot annulus to burner diameter. As a further
experimental check, a series of measurements was made with the same flow
system which was used in reference 4 (small flow system, figs. 2(b)~ (c)j
and (d)). The results were consistent with those obtained at higher flows
in the larger flow system.
Space heating rates were calctited from equation (2a). These rates
sxe between 2X107 and 6X107 Btu per cfiic foot per hour at l-atmosphere
pressure. That is, they are about an order of magnitude lower than values
reported for laminsr flames (ref. 4).
The scatter of points is about the same as reported in reference 4
(QO percent). Comparison of these results with those of reference 4
shows that values in this report for space conversion rates are somewhat
lower. This deviation is principally due to differences in the choice of
flame boundaries. Because of this deviation, it was impossible to draw
conclusions other than those regarding data trends.
Turbulent Burning Velocities
The turbulent burning velocities in table I are considered as func-
tions of Reynolds number to facilitate comparison with previous work.
These values sre consistent with those previously reported (refs. 6 and 8).
DISCUSSION
Space Conversion Rate
~fects of flow. - The space conversion rate decreases with increas-
. ing flow for a particular burner diameter up to a Reynolds number of
ab&rt 60,000 (fig. 2). At higher flows, the space conversion rate seems
to be independent of flow, although the number of measurements at these
——...— —.—— — --
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higher flows may
tion of the data
./
not be sufficient to establish a clear trend. That por-
for which Re = 60,0C0 may be correlated by the equation
z = 189 - 27.3d - 0.881x10-3 Re (6a)
under the assumption that the initial decrease of space conversion rate
is linesr with Reynolds number. Plots of equations (6) are shown as
solid lines in figure 2. The coefficientswere obtainedby first fitting
the data for all sti burner sizes as linear functions of Reynolds number
z =A+BRe (6b)
Then, the coefficients A and B were expressed as functions of burner
diameter. It shouldbe noted that, if flow is expressed as Reynolds num-
ber, the coefficient B is independent of burner diameter. An alternate
correlation, which takes into account all the data, has tbe form
log Z= 3.01- (0.170 +0.0268d) log Re (7)
The observed decrease of space conversion rate with flow corresponds
to a faster increase in flame volume with increasing flow than would be
represented by a simple proportionality. Visuallyj this relation takes
the form of increased spreading and diffuseness in the upper portion of
the flame brush. Figure 3 shows that the rate of change of the outer cone
height decreases with increasing flow, thus suggesting that the bulk of
the spreading occurs laterally.
The over-all appearance of a turbulent Bunsen burner flame also
changes with flow. At linear velocities below 2500 centimeters per sec-
ond, the flame brush is surrounded by a distinct pale blue mantle, which
is visible to the eye and discernible on a normal photograph taken with
panchromatic film. For such flames, the maximum diameter of the outer
cone of the brush is found at or near the base of the flame. H the
linear velocity is greater than about 4000 centimeters per second, how-
ever, one cannot detect any boundary between the flame brush and the man-
tle; rather, the two merge into a single dHfuse combustion zone. More-
over, the maximum brush diameter occurs at about the top of the inner
cone. ~s behavior indicates, perhaps, an increase in the sctie of tur-
bulence tithin the flame zone with increasing flow. However, it has been
shown that for the case of a free-air jet issuing from a nozzle, the lon-
gitudinal scale at a point in the jet is independent of the average linear
velocity at the nozzle exit (ref. 9).
The observed decrease in space conversion rate with flow may be re-
lated to the increase in flame thickness or reaction length. The flame
thickness increased more rapidly with increasing flow than it would if
the space conversion rate were constant. This indicates that, at high
flow rates, a mass of combustible mixture requires, on the average, a
.
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longer time to
lower reaetion
be consumed completely than at low flow rates; thus, a
rate prevails at high flow rates than at low flow rates.
‘I!hesimplest possible explanation ~f this situation involves a lower
flame temperature, aversged over time and space, with increasing flow.
.
No measurements of flame temperatures across a turbulent brush which
are applicable to this situation have been reported; hence, a direct check
is impossible. However, some experimental evidence may be offered which,
although inconclusive, is consistent with a hypothesis of a lower effec-
tive flame temperature: A series of measurements of total radiation in-
tensity was made with a simple tiect current photomultiplier unit. The
results are shown in figure 4 (intensity is expressed in voltage output).
The rate of change of intensity with flow decreased with increased flow.
This indicates that, on the average, a unit volume of combustible mixture
emits less radiation on passage through the flame zone with increasing
flow. This decrease in radiation could represent the result of a lower
average flame temperature. Howeverj it might also represent a change in
the nature of the reaction tithin the flame zone.
It should be noted that the dependence of space conversion rate on
Reynolds number observed in reference 4, in which Z was reported to be
independent of Reynolds number, is consistent with results of this report.
The measurements reported in reference 4 covered a relatively small flow
range, so that trends observed over a wider flow range were not appsrent.
Effects of burner diameter. - E~ations (7) and (more clesrl.y)(6a)
show that the space conversion rate decreases with in=easing burner dism-
eter either at constant Reynolds number or linesr velocity. The magnitude
of this trend is smaller than reported in reference 4; however, its direc-
tion remains the ssme. These results suggest that the efficiency of space
conversion decreases with increasing scale of approach-streamturbulence.
Effect of laminar burning velocity. - In reference 4, the lsminar
burning velocity was varied by enriching the fuel-ah mixture with oxygen
while maintaining a stoichiometricfuel-oxygen ratio. Results showed that
the space conversion rate was proportional to the laminar burning velocity.
In this work, the laminsx burning velocity was changed by varying the
equivalence ratio of fuel-air mixtures. The results are shown in figure
5 in which meawed space conversion rates and turbulent burning velocities
are plotted as functions of equivalence ratio sLong tith the I-amim burn-
ing velocities reported in reference 6. In this case, the space conver-
sion rate does not bear a simple relation to the I-aminarburning velocity,
but more closely follows the behavior of the turbulent burning velocity.
‘15us,the laminsr burning velocity peaks at an equivalence ratio of about
@ = 1.05, whereas both space conversion rates and turbulent burning ve-
locities peak at about @ = 1.4. !lh behavior of the turbulent burning
velocities is consistent with the observation that turbulent burni ve-
Ylocities for butane-air mixtures peak quite rich of stoichiometric ref.
10).
— - .—- .—
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Turbulent Burning Velocities
An attempt was made to correlate observed turbulent burning veloc-
ities by an equation of the form (ref. 8)
UT . a Reb dC (8)
Previous investigations, which covered a smaller range of flows, showed
that the exponent b was about O.25; c was a constant which had a value
of zero or 0.25, depending on the observer (refs. 6 and 8). Analysis of
the present data, however, tidicates that both b and c are functions
of”burner diameter and, therefore, a simple correlation in the form of equa-
tion (8) cannot be applied. However, for a given burner diameter, the
data are well correlatedby either Reynolds number or linesr velocity.
Therefore,
squsres to
where a’
dkta for each b~ner have been fittedby the method of least
equations of the form
UT = a,Reb’ (9)
and b’ are different for different burners. These curves
sre plotted in figure 2. Numerical agreement with previous wak was
generslly satisfactory;however, trends previously reported were not fol- .
lowed when measurements were made over a longer flow range.
The data of reference 6 are not shown in figure 2. The results for
a burner diameter of 1.890 centimeters are in agreement with present
results. However, for d = 1.016 centimeters and d = 0.639 centimeter,
the results of reference 6 are consistently about 25 percent higher than
present results. This disagreement is probably due to the fact that (in
ref. 6) the mean flame surfaces are computed by a different approximation.
Comparison of Concepts
Although it seems that a characterization in terms of space heating
and space conversion rates is more meanin@ul and potentially more useful
than one in terms of turbulent burning velocities, its application is
limited by the lack of a satisfactory definition of the boundaries of a
turbulent flame brush. On the other hand, although measurements of tur-
bulent burning velocity are expertientall.yconvenient and values are more
nearly reproducible among observers, the physical meaning of a turbulent
burning velocity based on a mean flame surface is not clear. Thus, inter-
pretation of turbulent burning velocities in terms of a wrinkled flame
mechanism assumes that the mean flame surface is nearly coincident with
the surface of msximum luminosity. However, the surface of maximum lumi-
nosity is discontinuous;below the top of the inner cone, the surface of
maximum luminosity has the general shape of a frustum of a cone; above
it, the surface of maximum luminosity is a straight line coincident with
NACA TN 3277 1-1.
the flame sxis. Actually, the mean flame swf ace above the tip of the
inner cone must be approximated in some fashion; in this study, it was
computed as a paraboloid of revolution whose base was the circle of msxi-
mum luminosity at the top of the inner cone and whose height was taken to
be (h. - hi)/2. Thus, for diffuse Bunsen burner flames at high velocities,
where the distance between the tops of the inner and outer cones is an ap-
, preciable fraction of the total height, the mean flame surface is signif-
icantly different from the surface of maximum luminosity. In these cases,
turbulent burning velocity does not have physical meaning even in terms
m+ of a wrinkled flame mechanism. On the basis of measurements of this in-
n
.K1 vestigation, it is of interest to consider an average flame brush thick-
ness, which may he defined by the equation
(10)
Such an average flame thickness increases with increasing flow andlmrner
J
diameter at a rate slightly faster than the correspondingrate of decrease
y of Z (table 1]. The utility of equation (10) is severely limited, how-
g ever, by the large absolute uncertainty in Z, and its application does
not give a reliable value for the average flame thickness.
coIuLumNG FwMARKs
Space heating and space conversion rates sre desirable psxsmeters
for characterizing turbulent combustion. The application of such a char-
acterization to turbulent Bunsen burner flames is limited, however, by
the difficulty of defining and measuring the volume of a turbulent flame
brush.
For Bunsen burner flames with pipe turbulence, the space heating rate
decreases linearly with flow velocities andlmrner diameter at constant
density, viscosity, and equivalence ratio. For the same range of condi-
tions, the turbulent burning velocity, by contrast, increases with in-
creasing flow velocity for a given burner dismeter. However, the turbu-
lent burning velocity is not found to correlate in a simple fashion with
the burner diameter.
Lewis Flight Propulsion Laboratory
National Advisory Committee for Aeronautics
Cleveland, Ohio, March 28, 1956
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{eynoldsFlame Flame Volume Space Turbulent Equivalence
munber, outer inner of flame conversion burning ratio,
Re cone cone brush, rate, velocity, @
height, height, Vf) z, ‘T>
% % cm l/see cm/i3ec
cm cm
Burner diam., 0.639 cm
20,200 17.6 12.6 10.1 151 50.2 1.0
20,200 17.4 12.0 9.72 158 54.7
24,900 18.8 13.5 10.9 172 59.9
24,900 19.2 13.5 12.6 149 54.9
29,600 20.3 14.9 16.8 132 56.2
29,600 20.6 14.9 16.2 137 55.1
38,500 21.1 15.7 18.0 144 63.0
38,500 23.0 14.7 16.2 145 64.2 1
44,500 21.8 16.0 24.0 139 66.4
Burner diam., 1.016 cm
10,700 12.1 9.15 8.72 149 48.7 1.0
13,500 13.1 10.4 10.8 152 55.6
14,200 12.7 9.6 11.9 144 57.4
18,600 17.3 13.3 15.4 146 55.7
18,600 17.1 12.0 16.0 139 54.9
27,900 21.9 15.6 25.0 133 55.0
27,900 22.7 15.9 26.2 127 55.0
37,300 26.9 19.9 35.7 124 61.1
37,300 25.2 18.0 34.2 130 68.6
46,600 28.1 21.0 41.5 133 74.3
55,800 31.2 21.7 57.9 115 75.5
55,800 30.3 21.2 58.6 114 75.2
65,200 31.4 22.5 70.6 1-1o 79.7
65,200 32.1 24.5 66.9 116 76.9
74,500 32.9 23.5 72.0 123 86.7
74,500 34.1 24.0 70.0 127 87.9
83,900 35.1 23.6 76.4 130 92.9
— ——— ———-.. — —.. . —
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TABLE I. - Continued. ~S ON TURBULENT FLAMFS
Reynolds
number,
Re
7,480
9,440
13,280
13,000
13,000
19,500
19,500
26>000
26,000
26,000
32,500
39,000
39,000
45,500
45,500
45,500
52,000
52,CXI0
58,500
58,500
65,000
65,000
71,500
87,300
98,000
Flame
outer
cone
height,
h0)
cm
8.91
10.4
13.0
12.9
12.4
17.4
17.7
21.3
21.8
19.6
24.3
28.9
28.8
31.7
31.8
31.0
33.0
34.9
36.7
34.3
36.8
39.0
37.6
47.2
48.8
Flame Volume Space
inner of flame conversion
cone brush, rate,
Turbulent Equivalence
buruing ratio,
velocity, @
height,
~fJ z, ‘T>
~> cm l/see cm/sec
I I I I
Burner dia., 1.459 cm
6.25
7.16
9.54
9.4
9.0
12.4
13.6
15.4
16.2
14.9
17.3
20.5
20.1
22.2
23.8
21.7
23.4
24.3
24.6
25.4
26.3
27.0
27.8
29.2
30.4
8.50
11.11”
16.0
17.8
18.3
28.9
28.2
38.1
32.7
31.3
40.0
69.4
66.5
73.1
72.7
74.1
77.3
94
97.5
79.9
116.2
101
132
197
210
153
148
144
124
la
11.8
108
135
139
137
96
100
105
107
105
115
95
103
125
96
SLo
92
76
80
55.7
58.4
62.0
56.4
61.7
62.8
60.9
62.9
67.6
70.5
77.0
66.1
68.4
70.0
68.8
72.1
79.4
72.6
83.3
80.1
77.7
81.7
77.3
82.4
88.6
1 )
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TABLE I. - Continued. ~S ON TURBULENT FIAMES
. .
Reynolds
number,
Re
5,760
7,280
7,730
10,210
10,000
10,OOO
10,000
10,000
15,000
15,000
L5,000
15,000
20,000
20,000
20,000
20,000
25,000
25,000
30,000
30,000
35,00!)
35,000
35,000
40,000
40,000
45,000
45,000
45,000
50,m
50,O@
55,000
75,300
83,700
92,003
92,0~
101,000
Flame
outer
cone
height,
h0?
cm
6.86
8.0
7.7
9.88
9.3
9.8
9.7
9.1
13.4
13.4
12.9
14.0
15.1
X5.6
14.6
L5.O
18.9
18.9
20.4
22.4
25.0
22.7
24.8
29.1
25.9
29.5
29.7
31.0
33.6
32.4
34.8
43.5
48.4
49.5
45.7
53.0
Flame
inner
cone
height,
%.>
Volume
of flsme
brush,
~fY
cm
Space Turbulent
conversion burning
rate, velocity,
z,
‘T?
l/see
cm/sec
4.61
5.16
5.5
6.90
6.2
7.8
6.3
6.4
10.4
10.0
9.5
8.4
10.7
12.2
11.1
10.7
13.0
13.0
15.5
15.6
17.0
17.1
17.4
20.0
20.7
22.9
22.3
22.7
22.7
26.2
26.1
29.6
30.7
32.3
32.3
35.0
Burner diam., 1.890 cm
..—. —--— -z—z —
9.75
11.8
11.4
14.5
15.8
16.5
15.4
18.0
25.6
26.7
26.8
26.4
28.6
34.1
30.4
31.9
47.4
48.4
56.6
59.5
61.6
68.1
70.5
83.0
79.0
102
101
124
132
153
171
236
272
227
266
—--—.—
133
144
147
159
144
139
148
120
133
125
124
129
159
130
146
143
120
117
118
112
126
114
llo
107
112
98
96
90
90
85
80
98
79
76
91
84
7
Equivalence
ratio,
@
59.7
65.8
66.5
71.1
66.5
62.7
63.6
69.4
62.7
65.6
69.1
63.6
74.7
73.8
79.4
75.0
68.7
69.4
78.6
75.9
81.5
79.9
76.6
75.3
76.8
77.4
78.8
72.8
79.9
71.9
76.2
90.7
90.0
93.0
87.7
92.2
— —— _
1 )
.— ——.—— ———
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16 NACA TN 3277
Reynolds Flame Flame Volume Space Turbulent Equivalence
number, outer inner of flame conversicm buning ratio,
Re cone cone brush, rate, velocity, @
height, height,
~f) z,
%9 hi> l/see
u~j
cm cm/sec
cm cm
Burner diam., 2.55 cm
12,600 12.7 8.7 41 92 64.4 1.0
18,800 16.1 11.1 54 104 74.8
25,000 18.3 13.7 76 98 80.1
31,400 21.7 14.3 116 81 82.3
37,700 24.4 17.1 130 86 91.3
50,000 33.9 24.4 204 63 75.3 I
Burner diam., 3.18 cm
10,000 9.7 6*6 38 99 71.1 1.0
10,000 9.9 6.7 41 92 68.5
15,000 12.9 8.9 54 104 79.9
15,000 11.9 8.3 64.2 88 80.4
15,000 SL.6 8.2 58 97 83.7
20,0m 16.1 10.5 93.5 80 82.0
20,000 16.2 11.4 81.6 92 77.8
25,000 23.2 16.8 124 76 68.0
25,000 22.0 14.6 137 69 71.7
35,000 32.0 24.6 180 73 68.8
45,000 34.1 22.8 240 73 78.7
45,000 32.6 20.2 226 75 80.9
50,000 55.5 35.4 458 41 52.5 .8
50,000 35.2 24.3 334 56 76.7 1.0
50,000 35.3 23.7 315 59 76.2 1.0
50,000 27.4 17.7 223 81 108 1.2
50,000 26.5 18.8 199 94 108 1.4
50,000 27.2 18.5 217 86 103 1.6
55,0Q0 37.8 21.2 273 59 84.4 1.0
60,000 41.0- 24.6 404 56 82.8
70,003 43.7 26.8 479 55 . 86.4 +
?
TABLE I. - Concluded. ~S ON TURBULENT FLAMES
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Figure 1. - Flow system.
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(a) Burner diameter, 0.639 centimeter.
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(b) Burner dlamter, 1.016 centlneters.
Figure 2. - Centlnued. @ce conversionrates snd turbulentburningvelocitiesas func-
tions of Reynoldsnumber.
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(c) Burner diameter, 1.459 centimeters.
Figure 2. - Continued. Space conversion rates and turbulent burning velooltles
as functions of Reynolds number.
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(d) Burner diameter, 1.890 centlmetere.
Fi@re 2. - Continued. Spaoe conversion rates and turbulent burning velooitiea ae functions
of Reynolds number.
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(e) Burner diameter, 2.3S centimeters.
Figure 2. - Continued. Space conversion rates end turbulent burning velocities as functions of
Reynolds number.
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(f) Burnerdiameter,3.18 centimeters.
Figure 2. - Concluded. Space conversionrates and turbulentburning
velocitiesas functionsof Reynoldsnumber.
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Figure 4. - Radiant intensity as a function of volume flow. Burner diameter,
0.930 centimeter.
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Figure 5. - Space conversion rate, turbulent burning veloc-
ity, and laminar burning velocity as functions of equiv-
alence ratio; propane-air flames.
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